INTRODUCTION
============

Metal nanoparticles are one of the most widely used materials in innovative research and development studies within a variety of fields and have numerous potential applications, such as in antibiotics, optics, plasmonics, catalysts, and electronics. There have also been many studies aimed at the production of homogeneous nanocrystals, which exhibit narrow size and shape distributions, so as to determine the effect of size on the chemical and physical properties of these materials. Recently, there has been a breakthrough in the fabrication of monodisperse nanocrystals in the size range of 0.5 to 2.0 nm in diameter. These so-called subnanoclusters (SNCs) ([@R1]) can now be obtained via wet processes that are readily scalable for further application researches. The precise preparation of SNCs is realized using nanosynthesizers, such as dendritic phenylazomethine derivatives ([@R2], [@R3]), in which a precise number of metal complexes is first accumulated at the imine parts within the dendrimer molecules. Subsequently, multinuclear complexed molecules were chemically reduced to form size-monodispersed metal clusters within the template molecule. This approach is extremely general and widely applicable to many of the metallic elements in the periodic table ([@R4]). SNCs exhibit distinctive discrete characteristics with the number of constituting atoms (atomicity), such as unexpectedly high catalytic activity on the electrochemical oxygen reduction reaction ([@R5]--[@R8]) and the aerobic oxidation of hydrocarbons ([@R9]--[@R11]), as well as a quantum size effect with notable shifts in bandgap energy ([@R12]). However, a detailed evaluation of physical and chemical properties of SNCs in literature is still in early stage.

The spectroscopic detection of subnanoscale materials, in general, is difficult because of a severely weak signal intensity that results from the small sizes of these materials, as well as the limited sensitivity and accuracy of conventional techniques. In addition, the surface coverage of SNCs on a support can be an issue. SNCs are not stable and will readily aggregate if they are not supported or if the surface coverage is overly high on a support. Thus, SNCs supported on carbon, silicate, graphene, and other substrates must be at a concentration as low as 0.4 weight % (wt %) to guarantee sufficient distance between neighboring clusters, so as to avoid surface agglomeration ([@R13]). As a consequence, the detection limit of conventional spectroscopic methods is far below the level required to detect isolated SNCs, and thus, it is extremely difficult to examine in detail the atomicity-dependent characteristics of subnanomaterials.

In the realm of nanoscience, one of the most intriguing materials is tin (Sn) oxide, which is both inexpensive and abundant. Intensive researches have therefore been conducted with regard to a wide range of applications, such as in gas sensors, catalysts, and transparent conductors ([@R14]--[@R16]). Recently, our group reported a correlation between the chemical composition and the catalytic activity of Sn oxide SNCs during the CO oxidation reaction ([@R17]). Size-controlled Sn oxide clusters with diameters between 0.9 and 1.6 nm were fabricated using a dendrimer template method. These materials showed a size-dependent composition variation such that the Sn^2+^ fraction increases with decreasing size, while the catalytic activity during CO oxidation increased with decreasing size. However, the correlation between the chemical composition and catalytic activity is hypothetical at present. Therefore, a detailed comprehensive understanding of the chemical and structural states of Sn oxide SNCs is essential.

Here, we report a highly sensitive analytical technique based on the principles of surface-enhanced Raman spectroscopy (SERS) aiming for the analysis of subnanoscale particles ([Fig. 1](#F1){ref-type="fig"}). In this work, the spectral analyses of the unique Raman signals of Sn oxide SNCs are complemented by theoretical structural and vibrational analyses to clarify the origin of the Raman characteristics of SNCs. The resulting structural and chemical information further explain the specific size-dependent catalytic activity of Sn oxide SNCs during the CO oxidation reaction. This study demonstrates comprehensive understanding of the chemical and structural natures of subnanomaterials, which will facilitate the rational design of subnanomaterials such as catalysts.

![A schematic diagram of the direct detection of SNCs.\
Tin oxide SNCs finely prepared by a dendrimer template method are loaded on the thin silica shell layers of plasmonic amplifiers such that the Raman signals of the SNCs are substantially enhanced to a detectable level. The strength of the electromagnetic fields generated due to the surface plasmon resonance properties of the Au or Ag nanoparticles decays exponentially with distance from the surface. Therefore, a rational interfacial design between the amplifiers and SNCs is the key to acquiring strong Raman signals.](aax6455-F1){#F1}

RESULTS
=======

Development of subnanosensitivity Raman spectroscopy
----------------------------------------------------

SERS is a powerful analytical technique capable of providing fingerprint information regarding target substances. The vibrational signals associated with SERS are greatly enhanced in the presence of Au or Ag nanoparticles, which work as optical amplifiers. Shell-isolated nanoparticle enhanced Raman spectroscopy (SHINERS) ([@R18]) is an advanced SERS technique, which uses Au or Ag amplifiers coated with 2- to 3-nm-thick silica shells. The presence of these silica shells inhibits chemical and electrical interactions between target molecules and the optical amplifiers such that only the intrinsic characteristics of the target molecules are assessed. This configuration also allows using any type of substrates in terms of shapes and materials, providing extensive applicability of this technique to interfacial analyses. However, even the conventional SHINERS method, in which Au nanoparticles with a diameter of 55 nm are used, cannot "sense" the presence of SNCs under such a low surface density condition.

The sensitivity of SERS strongly depends on the spatial design of the hotspots generated at the gaps between neighboring shell-isolated nanoparticles (SHINs). It is at these gaps that specific surface plasmon resonance phenomena appear in response to laser irradiation, which, in turn, lead to pronounced enhancement of the Raman signals. Therefore, a key aspect of obtaining high-sensitivity Raman data is the successful design and fabrication of the plasmonic amplifiers. For this reason, the present work first performed a theoretical study to optimize the design of the plasmonic amplifiers.

A three-dimensional finite-difference time-domain (3D-FDTD) simulation was used to compute the electromagnetic field distribution and the enhancement characteristics of the hotspots, based on various materials and structural configurations ([@R19]). The enhancement properties of model gaps between two Ag core SHINs located on smooth Si surfaces were compared while varying the core size ([Fig. 2A](#F2){ref-type="fig"}). These calculations showed that the maximum Raman scattering intensity was obtained for Ag core SHINs with a diameter of 100 nm.

![Fabrication and characterization of Au\@Ag SHINs as optical amplifiers.\
(**A**) A simulation of the maximum size-dependent enhancement at the hotspot between two shell-isolated Ag nanoparticles (Ag SHIN) as calculated by 3D-FDTD simulations (inset). (**B**) Schematic of the synthesis of Au\@Ag SHINs. (**C**) Maximum enhancement factors calculated by 3D-FDTD simulation for 100-nm-diameter Au\@AgSHINs with different Au core sizes. (**D**) HAADF-STEM image with corresponding EDS mapping images of Au\@Ag SHINs. (**E**) A series of SHINER spectra of DPA-TPM-G4 acquired with Au\@Ag SHINs having 70-, 100-, and 115-nm particle sizes, compared with a normal Raman spectrum acquired without SHINs as a reference. Inset: Raman enhancement ratios calculated by comparing the signal intensities in SHINER spectra and a standard normal Raman spectrum acquired without SHINs.](aax6455-F2){#F2}

On this basis, spherical, highly homogeneous, 100-nm-diameter Ag nanoparticles with a narrow size distribution were synthesized using a seed-mediated multistep process ([Fig. 2B](#F2){ref-type="fig"}; see also details in Materials and Methods). In this process, Au core nanoparticles with diameters in the range of 45 ± 5 nm were prepared on the basis of the traditional Frens method, using sodium citrate (fig. S1A) ([@R20]). Subsequently, these nanoparticles were covered with thick Ag shells to obtain the desired 100 nm diameter, thus producing Au-core Ag-shell nanoparticles (Au\@Ag NPs) ([@R21]). Note that the Au cores were introduced so as to increase both the stability and shape homogeneity of the Ag outer layers, while the size of the Au core less than 70 nm was found to have a negligible impact in terms of enhancement properties, as estimated by 3D-FDTD simulation with different Au core sizes ([Fig. 2C](#F2){ref-type="fig"}). These Au\@Ag NPs were further coated with silica shells using a solution containing both 3-aminopropyltriethoxysilane (APTES) and silicate at room temperature ([@R22]) to form Au\@Ag SHINs ([Fig. 2D](#F2){ref-type="fig"}). The silica shell layers on the surfaces of amplifiers had thicknesses in the range of 2 to 3 nm (fig. S2A) and provided a porous outer layer to which SNCs could adhere. Enhanced electromagnetic fields appear at the surfaces of these SHINs and decay exponentially with distance from the surfaces (fig. S2, B and C). Therefore, this spectroscopic technique selectively generates Raman signals of substances that are situated in close proximity to the surfaces of the SHINs.

The signal enhancement properties of Au\@Ag SHINs with core sizes of 70 and 115 nm (fig. S1, B to G) were also evaluated to confirm the superiority of 100-nm SHINs, as suggested by the 3D-FDTD simulations ([Fig. 2A](#F2){ref-type="fig"}). Raman enhancement ratios of eight and nine times were found for 70- and 115-nm Au\@Ag SHINs, respectively, while 100-nm particles enhanced the signal by a factor of 33 ([Fig. 2E](#F2){ref-type="fig"}). This notable quantitative agreement between simulated and experimental results substantiated the significant enhancement obtained from the current 100-nm Au\@Ag SHINs. This phenomenon can be explained by the coupling effect between the absorption wavelength of the surface plasmon resonance from the Au\@Ag NPs (fig. S1B) and the wavelength of the incident laser source (532 nm).

Analyses of Sn oxide SNCs using the SHINERS technique
-----------------------------------------------------

Sn oxide SNCs were prepared by our original synthetic technique to allow direct spectroscopic observation ([Fig. 3](#F3){ref-type="fig"}) using fourth-generation dendritic phenylazomethine with a tetraphenylmethane core (DPA-TPM-G4) ([@R23], [@R24]) as a template molecule, which offers precise size control ([@R2], [@R3]). In this technique, the potential gradient properties of dendrimer molecules induce the stepwise accumulation of metal complexes from the inner generation layers toward the outer generation layers during the titration of metal salts (fig. S3). Each respective layer consists of 4, 8, 16, and 32 imine sites, and a gradual multistep accumulation process allows the formation of stable monodispersed complexes containing 4, 12 (=4 + 8), 28 (=12 + 16), and 60 (=28 + 32) metal atoms, respectively ([Fig. 3B](#F3){ref-type="fig"}) ([@R3]). After chemical reduction by NaBH~4~, analysis by high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) found that the sizes of the Sn~12~, Sn~28~, and Sn~60~ oxide SNCs were 0.9 ± 0.2 nm, 1.0 ± 0.2 nm, and 1.8 ± 0.3 nm, respectively (fig. S4). The sizes observed in these STEM images agree with the trends determined using atomic force microscopy (AFM) and demonstrate the obvious effect of the amount of SnCl~2~ added to the DPA-PTM-G4 molecules (fig. S4, D to F).

![Direct spectroscopic observations of Sn oxide SNCs on Au\@Ag SHINs.\
(**A**) SHINER spectra of Sn oxide SNCs deposited on Au\@Ag SHINs on Si substrates, compared with a reference spectrum obtained without SnCl~2~ as a blank. A sharp signal from the silicon substrate is indicated by an asterisk. (**B**) A schematic diagram of the process used to prepare samples for SHINERS analysis of Sn oxide SNCs. Effects of atomicity on (**C**) the peak position and (**D**) FWHM values.](aax6455-F3){#F3}

The oxidation states of the Sn atoms in the SNCs were evaluated by Sn 3d~5/2~ core-level x-ray photoelectron spectroscopy (XPS). In each case, a significant contribution of a shoulder peak on the lower binding energy edge was apparent (fig. S5), indicating the formation of substoichiometric SnO*~x~* (1 \< *x* \< 2) species intermediate between SnO and SnO~2~. The proportion of Sn^2+^ in the materials in the present study was slightly higher than that obtained in a previous study in which Sn oxide SNCs were calcined at 600°C on mesoporous silica substrates ([@R17]). Therefore, the oxidation state of the Sn oxide SNCs in this work is rather "raw (not completely oxidized)." Subsequently, Sn oxide SNCs were loaded on the Au\@Ag SHINs coated on Si substrates to allow high-sensitivity Raman spectroscopic characterization ([Fig. 1](#F1){ref-type="fig"}). Energy-dispersive x-ray spectroscopy (EDS) and elemental mapping analyses confirmed the presence of homogeneously distributed Sn on the Au\@Ag SHIN surfaces (fig. S6).

The bulk SnO~2~ crystals show three Raman bands at 476, 635, and 776 cm^−1^ in a normal Raman spectrum, characteristic of a rutile-type Sn oxide structure (fig. S7), which were assigned to the *E*~g~, *A*~1g~, and *B*~2g~ vibration modes, respectively ([@R25]). In contrast, the SHINER spectra of the Sn oxide SNCs contained only a single intense but broad peak, with a maximum between 569 and 583 cm^−1^ ([Fig. 3A](#F3){ref-type="fig"}). This peak cannot be ascribed to any of the modes predicted by group theory. Sn oxide nanoparticles with sizes of 2 to 5 nm have been reported to exhibit unique vibrations in the range of 500 to 600 cm^−1^, accompanied by a sharp *A*~1g~ signal ([@R26]--[@R32]). In these literature, the broad peak was attributed to grain size, surface disorder, or amorphous structure effects, based on phenomenological considerations. Note that Ristić *et al.* ([@R33]) ascribed a broad Raman band at 571 cm^−1^ to amorphous Sn^4+^ hydrous oxide. However, a detailed assignment of these intrinsic vibrational characteristics has not yet been reported because of a lack of understanding of the vibrational assignments and structural details of nanoscale Sn oxides.

The goal of the present work was to explore the nature of SNCs by assessing the structural and chemical properties of Sn oxide SNCs in detail. Note that the intense *A*~1g~ peak generated by bulk SnO~2~ disappears completely in the spectra produced by SNCs ([Fig. 3A](#F3){ref-type="fig"}). In addition, the emergence of a broad signal is typically indicative of the accumulation of signals from Sn─O bonds with slightly different binding configurations. Thus, the loss of the *A*~1g~ peak and the appearance of the broad signal suggest the complete deformation of the crystalline structure of rutile type Sn oxide in the SNCs, along with the formation of multiatom clusters with distorted atomic configurations.

The positions of the Raman peak maxima and the full width at half maximum (FWHM) values of the undefined peaks are plotted as functions of the constituent atomicity in [Fig. 3, C and D](#F3){ref-type="fig"}, respectively. A red shift and broadening of the peak with decreasing SNC size are apparent, indicating that the cluster size, even at the subnanoscale, affects the spectral properties sensitively.

Structure simulations and vibration analyses of Sn oxide SNCs
-------------------------------------------------------------

Further structural deliberation of the Sn oxide SNCs required ab initio theoretical calculations that simulated the vibrational features in Raman spectra based on the atomic configurations of model clusters. For this purpose, density functional theory (DFT) calculations ([@R34]) were performed, using model Sn oxide SNCs with stoichiometric compositions estimated from XPS data (fig. S5D). These models were constructed starting from a rutile-type crystal structure, which was subsequently geometrically optimized to obtain a minimum energy configuration. Vibrational spectra were then simulated based on the structures obtained for each model SNCs and compared to the experimental SHINER spectra ([Fig. 4](#F4){ref-type="fig"}). The simulated Raman spectrum for Sn~12~O~17~ contained multiple signals over a wide range of wavelengths, including a broad peak in the range of 500 to 800 cm^−1^ ([Fig. 4A](#F4){ref-type="fig"}, dashed line), which is 100 cm^−1^ higher than that observed in the actual SHINER spectra ([Fig. 4A](#F4){ref-type="fig"}, solid line). This clear discrepancy between experimental and theoretical spectra required a reconsideration of the model structure for the vibrational simulations. A survey scan over wide energy range during XPS analyses of each Sn oxide SNC identified the presence of Ag, Au, Sn, O, and Si from either the Au\@Ag SHINs or Sn oxide SNCs, while no other elements were detected. Therefore, the reconsideration of the model did not involve other elements, unless those were undetectable by XPS, such as H and He. As Ristić *et al.* ([@R33]) indicated that the broad Raman band can be ascribed to amorphous Sn hydrous oxide, it is reasonable to include hydroxyl groups in the model, originated from the NaBH~4~ methanol solution, atmospheric water vapor, or the silica shells of the Au\@Ag SHINs adjacent to the Sn oxide SNCs.

![Structure simulations and vibration analyses of Sn~12~ oxide SNCs.\
Simulated spectra (dashed line) of (**A**) Sn~12~O~17~ and (**B**) Sn~12~O~25~H~16~ along with the spectrum of Sn~12~ oxide SNCs acquired using the Au\@Ag SHINERS method (solid line). (**C**) Sn~12~O~25~H~16~ cluster structure as simulated by DFT calculations after the structural optimization process. The Raman signal from the silicon substrate is indicated by an asterisk.](aax6455-F4){#F4}

To assess the effects of hydroxyl groups without changing the oxidation state of Sn as determined from the XPS data, we added water molecules to the stoichiometric Sn~12~O~17~ formula one by one while simulating the resulting Raman spectra (fig. S8, A to E). Structure optimization simulations demonstrated that all hydroxyl groups protruded outward from the surface of the model SNC structures, sporadically forming hydrogen bonds with neighboring atoms in Sn─O─Sn configurations ([Fig. 4C](#F4){ref-type="fig"} and fig. S8, F to I). As the water content was increased from Sn~12~O~17~ to Sn~12~O~25~H~16~, the peak position of the main broad Raman band gradually shifted to the lower wave number region from 634 to 571 cm^−1^ (fig. S8J). Among these simulated Raman spectra, the Sn~12~O~25~H~16~ spectrum showed a maximum at 571 cm^−1^ ([Fig. 4B](#F4){ref-type="fig"}, dashed line), and the spectral shape was surprisingly similar to that of the experimental spectrum acquired from the Sn~12~ oxide SNCs ([Fig. 4B](#F4){ref-type="fig"}, solid line). Similar simulation processes were implemented for Sn~28~ and Sn~60~ SNCs, and both Sn~28~O~48~H~12~ and Sn~60~O~112~H~24~ were found to produce broad bands at similar frequencies to those observed in the corresponding SHINER spectra (fig. S9). The broad bands in the SHINER spectra were also blue-shifted by 10 to 30 cm^−1^ when Sn oxide SNCs were calcined at 300°C (fig. S9), suggesting that water was removed, leading to a partial decrease in surface hydroxyl groups. As a consequence, the broad band was shifted to a higher wave number region, as predicted by the theoretical vibration analyses with different amounts of H~2~O addition. The variations in the main peak position upon calcination therefore provide evidence for the presence of hydroxyl group in the SNCs.

As listed in fig. S9D, hydrated species are all thermodynamically more stable than unhydrated species. This is similar to the fact that metal oxides such as silica generally have a number of hydroxyl terminals on their surfaces. On the other hand, quantitative discussion on the amount of hydration is difficult, because it is indispensable for this discussion to take into consideration the condensed phase of water surrounding Sn oxide SNCs as well as a number of isomeric structures of SNCs and conformational patterns of hydration. In the present study, the amount of hydration was practically determined such that the simulated Raman spectra reproduce the experimental ones. The most important point is that the consideration of hydration improves the simulated Raman spectra, thereby reproducing the experimental ones very well.

The above results demonstrate that simulated spectra based on vibrational analysis accurately reproduced the spectral shapes observed in the experimental SHINERS studies. The modification of atomic coordinates, such as the introduction of O vacancies and hydroxyl species, is known to change the local morphology of SNCs, which, in turn, affects the corresponding vibrational features. Therefore, reproducing unique experimental Raman spectra by simulated vibrational analyses can corroborate these morphological parameters, providing further information regarding the structure-chemical activity correlation of Sn oxide SNCs during the CO oxidation reaction ([@R17]).

DISCUSSION
==========

On the basis of the vibrational analyses of model SNCs in this study, hydroxyl groups appear to be responsible for the broad band around 580 to 590 cm^−1^, as demonstrated by the agreement between the simulated and experimental SHINER spectra for Sn oxide SNCs. The stoichiometric formulae for the Sn oxide SNCs obtained from the simulations were Sn~60~O~112~H~24~, Sn~28~O~48~H~12~, and Sn~12~O~25~H~16~. A closer look at the optimized chemical structures of the model Sn oxide SNCs reveals unique characteristics resulting from the structural distortion relative to the structure of bulk crystals. A statistical analysis of all the Sn─O bond length in the simulated SNC structures exhibits that the average bond length and the FWHM of the length distribution curve both increase with decreasing atomicity (fig. S10, A to D), in the same manner as the FWHM values of the broad peaks in the SHINER spectra increase ([Fig. 3D](#F3){ref-type="fig"}). Deviations from the bulk structure were more pronounced in the case of smaller SNCs, indicating that the Sn~12~ SNCs had a highly distorted atomic configuration with longer Sn─O bonds on average. Here, it is important to point out that the peak maxima in the SHINER spectra were red-shifted with decreases in Sn atomicity. This red shift indicates that the Sn─O bond strength in the SNCs decreases with decreasing atomicity, which is consistent with the data showing elongation of the Sn─O bonds with decreasing atomicity (fig. S10). During CO oxidation, Sn oxide catalysts work as oxygen donors, and so, it is likely that a lower Sn─O bond strength will promote bond cleavage to provide more oxygen species to enhance the CO oxidation process. In addition, it is interesting to observe that all the Sn─O bonds longer than 2.2 Å are located at the edges of the clusters, which represent the active sites for CO oxidation, and the content of surface hydroxyl groups was increased from Sn~60~ to Sn~12~ (fig. S10E). Therefore, Sn oxide SNCs with 12 Sn atoms were found to have higher hydroxyl group coverage ratio together with lower bond strengths, as demonstrated via complementary approaches with the experimental SHINERS data and theoretical simulations. These results explain well the unusual catalytic activities of smaller SNCs during the CO oxidation reaction.

Subnanosensitive spectroscopic methods elaborated in this study demonstrate its applicability to detect subnanomaterials with extremely small surface concentration. However, it is still conditional with the current method that SNCs get into the focus of the hotspots to give Raman signals in the Raman spectra. The probability of the measurements can be improved by further spatial design of the hotspots with tuning of the shape and the size of amplifiers. For instance, the introduction of star-shaped amplifiers may increase the density of hotspots on the surface, improving the probability of the measurements.

It is important to emphasize the potential impact of the current work on both the development of analytical methodology and future explorations in the field of subnanoscience. The subnanosensitive Raman spectroscopic method demonstrated in this study allows the direct detection of the spectral features of subnanoscale materials even at extremely low surface loadings. Direct detections of these small substances induce a breakthrough of further precise technological developments at the atomic level in analytical chemistry. In addition, a combined study with direct spectral observations and theoretical simulations allows the first ever rational assignment of the broad peaks in the spectra of these materials and, furthermore, reveals direct evidences to indicate the role of surface hydroxyl groups to express unique catalytic activity of Sn oxide SNCs. Detailed understanding of physical and chemical nature of substances facilitates the rational design of subnanomaterials on the atomic scale for practical applications. As a consequence, the development of subnanosensitive vibration spectroscopy will accelerate material innovation and development studies of subnanomaterials, promoting subnanoscience as an interdisciplinary research field.

MATERIALS AND METHODS
=====================

Synthesis of shell-isolated Au\@Ag NPs
--------------------------------------

The Au core nanoparticles (45 nm diameter) were prepared by the citrate reduction process, following Frens method ([@R20]). Briefly, 100 ml of 0.01 wt % HAuCl~4~ aqueous solution in a 300-ml round-bottom flask was first heated to boiling, and then, 0.7 ml of 1 wt % Na~3~ citrate aqueous solution was quickly added. The boiling solution turned its color from pale yellow to faintly blue within 30 s and then suddenly changes into burgundy after approximately 2 min of vigorous stirring. Boiling was continued for 40 min to complete reaction and then allowed to cool down to room temperature.

Subsequently, these Au core nanoparticles were covered with silver shells of about 30 nm thick by ascorbic acid reduction process, following Uzayisenga's method ([@R21]). In a 100-ml conical flask, 3.09 ml of as-prepared Au core solution, 1.5 ml of 1 wt % Na~3~-citrate solution, and 4.5 ml of 10 mM ascorbic acid solution were mixed at room temperature for 5 min before 0.35 ml of 20 mM AgNO~3~ aqueous solution was slowly added dropwise at room temperature. Mixed solution was continuously stirred vigorously for 25 min to complete reaction to form Au\@Ag NPs.

These Au\@Ag NPs were then thoroughly covered with a pinhole-free silica shells with thicknesses in the range of 2 to 4 nm by the hydroxylation using sodium silicate ([@R22]). Nine milliliters of as-prepared Au\@Ag NP solution, placed into a 100-ml round-bottom flask, was added to 18 ml of Milli-Q water and 0.13 ml of 1 mM APTES aqueous solution and then stirred for 15 min at room temperature. The pH of the mixture solution was adjusted to \<5 by adding diluted sulfuric acid solution before adding APTES. Then, 1.07 ml of 0.54 wt % sodium silicate solution was added, followed by a 0.5 M NaOH solution to adjust the solution pH \> 11.5. Then, the mixture solution was kept stirring at room temperature for a while, where the shell thickness was controlled by the reaction time. Consequent silica-shelled Au\@Ag nanoparticle (Au\@Ag SHIN) solution was subjected to centrifugation at 5500 rpm for 15 min, where the supernatant was removed afterward. The concentrated Au\@Ag SHIN pellet at the bottom of the microtubes was diluted with Milli-Q water and centrifuged again. This procedure was repeated several times for a cleaning purpose. When APTMS (3-aminopropyltrimethoxysilane) was first used instead of APTES, as suggested in the original SHINERS methods for Au SHINs ([@R18]), the consequent scanning electron microscopy (SEM) images of Au\@Ag SHINs revealed severe leakage of Ag, forming many Ag nanoparticles at a size of ca. 10 nm in diameter on the surface of Au\@Ag SHINs, highly possible to interfere with sample SNCs. Therefore, it was replaced by APTES, where no Ag leakage was observed.

Synthesis of Sn oxide SNCs using dendrimer template method
----------------------------------------------------------

Sn oxide SNCs Sn~12~, Sn~28~, and Sn~60~ were prepared by following the template methods developed in our group ([@R3]). Briefly, Sn-dendrimer (DPA-TPM-G4) complex was prepared by the addition of 12, 28, and 60 equivalents of SnCl~2~ acetonitrile solution (6.3 mM) into a 1 ml of 3 μM DPA-TPM-G4 ([@R23], [@R24]) dichloromethane solution. The complexation process was monitored by the spectral variation based on the coordination of tin chloride with the imine nitrogen atoms in titration ultraviolet-visible spectra (fig. S3). In this procedure, the yellowish DPA-TPM-G4 solution turned into orange solution. The mixture was stirred for a few minutes before a 1 ml of 238 mM NaBH~4~ methanol solution was added for the reduction of tin chloride to metallic tin within the dendritic molecular capsule, which was gradually oxidized to tin oxide by air.

Sample preparation for advanced Raman measurements
--------------------------------------------------

Si substrate was first cleaned by immersing in the piranha solution (H~2~SO~4~:H~2~O~2~ = 4:1), followed by extensive rinsing with Milli-Q water. As-prepared Au\@Ag SHINs solution was added by a dilute H~2~SO~4~ solution to lower the pH around 3, casted on the cleaned Si substrates, and subsequently dried in air. Sn oxide SNC solution was then casted on the Au\@Ag SHIN--modified Si substrate and dried in the Ar stream, followed by several extensive rinsing with Milli-Q water and chloroform. The former process was to remove inorganic substances, such as NaCl and B(OH)~3~ generated from a sodium borohydride reduction process, while the latter process was to remove organic substances such as dendrimer molecules from the interface between SHINs and substrate before each SHINER measurement.

DFT calculations for structural and vibrational simulations
-----------------------------------------------------------

DFT calculations, for structural deliberation of Sn oxide SNCs to simulate vibrational features in Raman spectra, were performed with the BLYP functional and the LanL2DZ basis set for Sn as well as the 3-21G basis sets for H and O. Model clusters with stoichiometric compositions estimated from XPS data were first constructed by capturing from a rutile-type crystal structure. Later, water molecules were further added to the stoichiometric formula of each SNC. The constructed model clusters were geometrically optimized, with which the vibrational analyses were performed. On the basis of the vibrational analyses, Raman scattering intensities for various resonance peaks were calculated (blue solid lines), and subsequently, Raman spectra were simulated by adding a line width to each scattering intensity (black dashed curves). The line width was given by a Gaussian function with a half width of 30 cm^−1^. In addition, it should also be noted that a vibrational analysis usually gives a slight difference between the calculated vibrational frequencies and experimental ones due to insufficient description of anharmonicity. It is, however, well known that this inaccuracy can be resolved by scaling the calculated frequencies ([@R35]). In the present study, a scaling factor 0.952 was used, which was determined such that an experimental Raman spectrum of a rutile-type Sn oxide crystal was reproduced in a first-principles manner. For the crystal, periodic boundary condition DFT calculations were carried out at the same level of theory as above. All the DFT calculations were conducted with the Gaussian 16, Rev. B.01 program package ([@R34]).

Theoretical simulation of electromagnetic enhancement fields at the gap between two Ag nanoparticles
----------------------------------------------------------------------------------------------------

The strength of the electromagnetic fields generated by the localized surface plasmon resonance at the vicinity of Ag nanoparticles strongly depends on the size of the Ag nanoparticles, which can be estimated using the 3D-FDTD simulation method. The commercial software FDTD Solutions (Lumerical Company) and KeyFDTD (Science and Technology Institute) were used to simulate the electromagnetic field and enhancement factors of Ag spherical nanoparticles in the function of diameter of Ag nanoparticles in the presence and absence of Au core particles ([@R19]).

The objective model consisted of two Ag-SiO~2~ core-shell nanoparticles placed on a Si substrate, without a gap between them. The diameter of Ag nanoparticles was varied in the range from 70 to 140 nm, while the SiO~2~ shell thickness was adjusted to 2 nm, practically providing 4-nm gap between two nanoparticles. The optical influence from Au core nanoparticle in the electric field distribution around Au\@Ag SHINs was evaluated by varying Au core size from 0 to 100 nm, while the size of Ag outer sphere and the gap between two particles were fixed at 100 and 4 nm, respectively.

A linearly polarized plane wave with a wavelength of 532 nm was incident perpendicularly to the substrate from the top of the particles. A rough mesh covered all the simulated area, while fine meshes (a grid of 1 nm) were set around the center of dimers, as well as at gaps between substrate and nanoparticle. The electric field distribution was recorded as a plane perpendicular to the substrate and containing the centers of the two nanoparticles.
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